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I. INTRODUCTION

In 1974, the U.S. and U.S.S.R. signed a Threshold Tes® Ban
Treaty (TTBT) which prohibits the testing of underground nuclear explo-
sions with yields greater *than 150 kilotons. Upon ratification, tne
treaty calls for the bilateral exchange of certain geologic and geophysi-
cal data, as well as the yields of two calibration events, in each so-
called "geophysically distinct" testing area, in order to facilitate
verification of treaty compliance. Although not defined explicitly in
the TTBT protocol, the term '"geophysically distinct" is intended to de-
note an area within which the geophysical parameters controlling the
magnitude-yield relationship are uniform; that is, an area within which {
a single yield-scaling relation holds for all explosions. However, a
oroblem arises in that for areas such as the principal U.S.S.R., under-
greund nuclear testing areas near Semipalatinsk, it is not obvious how
such geophysically distinct areas can be recognized using information
known to us at the present time. For this reason, over the past several
years we have been conducting a series of research investigations directed
toward assessing the feasibility of using teleseismic P wave data re-
corded from explosions to identify geophysicaliy dis<inct testing areas
witnin <he Shagan River region of the Semipalatinsk test site.

In a previous study, Dermengian et al. {1985) demonstrated <hat*
“nere are pronounced variations in my residuais as a function of explesion
location within the Shagan River test site and suggested that these varia-
tions may be related to lateral variations in the subsurface geologic
structure beneath the test site., This inference was based on analyses of
large samples of *eleseismic P wave amplizude and arrivel time data re-
corded from explosions at this test site and on detailed compariscns of
my residual data at common stations from selected pairs of explosions.
Thus, <he results of that preliminary study indicated <ha*t the zeleseismic
data may indeed be useful for identifying geophysically distinct testing

areas within the Shagan River test site. In Barker and Murphy (1986),

.' tnis jnvestigation was extended to include an analysis of possibie effects
)
. of tectonic release on the observed short-period P waves, The resul*s of
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Tnat s%ucy indicated that, although the availapie evidence was not suffi-

cient =o rule out tne possibility that tectonic release might be introcduc-

ing systematic positive bias into the network-averaged my values assigned

'l. N

o some Shagan River explosions, it was possible to conclude that the ob-

served short-period teleseismic P wave amplitudes did not show any statis-

ll‘f e

tically significant azimuthal variations which could be correlated with a

258

tectonic radiation pattern, That is, the systematic variations of single

.{‘

station my residuals with explosion location at Shagan River documented
by Dermengian et al. (1985) do not correlate with the levels of tectonic
release inferred from the long-period surface wave data. Thus, tne analy-
ses conducted to date support the hypothesis that there are near-source,
non-axisymmetric geologic structures beneath the Shagan River test area

which rroduce differences in the coupling of seismic energy into the vari-

ous teleseismic P wave propagation paths.

Pl i

This report describes the results of a follow-on study conducted

Y

with the objectives of improving the resolution of the sources of observed

)
R A
f
4 1

. P wave variability at Shagan River and of correlating these inferred

sources with available independent geological and geophysical information
about the test site, The report consists of four sections including these
introductory remarks. In Section Il we describe and analyzz the P wave
amplitude data collected for this project and use the results of <his
anaiysis to define regions of apparent subsurface structural variation a:
Shagan River., We then attempt to interpret these results in terms of
specific subsurface structural features beneath the test site. In Section

v .

11 we describe a preliminary analysis of waveform data from a subset of

‘:& the explosions aimed a: defining the near-source structural contributions
;k 2 the waveform time- and frequency-domain characteristics. In Section
‘;: IV we summarize our main results and present our conclusions regarding
:j the nature of teleseismic P wave and P coda variations from Shagan River

exnliosions.
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IT. my, DATA ANALYSIS

e

REVIEW OF PREVIOUS WORK

[ aal%~
2

~o

.

L4
s;j The explosion sample analyzed in this report is the same as
: 3 that described and analyzed in Dermengian et al. (1985). That is, it
fj consists of 52 Shagan River explosions occurring in the time interval
LJ 1964 to 1982 which have been assigned my values of greater than 5.5 by
Ej the ISC. Epicenter locations for these events, as determined by a Joint
\:E Epicenter Determination (JED) method (Marshall et al., 1984), are dis-
‘N played graphically in Figure 1, where it can be seen that they are fairly
- evenly distributed across the Shagan River testing area. The event num-
; bers shown in Figure 1 refer to Table 1 of this report where detailed
-E: origin information for the events can be found.
. In Dermengian et al. (1985), a least squares analysis was per-
:‘\- formed on a large number of single station my readings for these explo-
ES sions, resulting in network-averaged my values for the events and average
ﬁ: station corrections for a set of 53 worldwide stations used in the analy-
i’F sis. The "station corrections" determined by this method actually repre-
.. sent the composite of effects at the source, along the propagation path
' E_ and at the receiver which cause the my values at a particular station to
; \ oe consistently cifferent from the corresponding large network average
;* my values. Thus, for explosions at a particular test site such as Shagan
- River, variations of the "station corrections" with source location within
‘:ﬁ the test site would be more closely associated with propagation effects
‘\E near the source than with variations in the crustal structure beneath the
::: receivers. Using these station corrections and the network-averaged My
S values, station-corrected my residuals (i.e., corrected single station
{i. my - gvent mb) were tnen computed for ali event-station pairs and analyzed
Zi as a function of station and source Tocation. Dermengian et al., (1885)
;9 demonstrated that explosions located in the central and northeast sections
45 of the Shacan River test area show pronounced my residual patterns as a
ii function of source-to-station azimuth which vary greatly from explcsion
E: to explosion, while patterns from events in the southwest are much more
i; regular. Furthermore, these variations in azimuthal my patterns appear
;ﬁ to be related to event location rather than tectonic release effects and,
s
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Taple 1
SOURCE PARAMETERS FOR SHAGAN RIVER ZXPLOSIONS

Event = Date Origin Time Lat. (N}  Long.(f) T

ol 01/15/65 05:5%.58.4 49,940 75.010 5,94
32 11/30/€9 03:32:57.1 49,913 78.961 5,89
a3 11/02/72 01:26:57.6 49,923 782.815 6.25
0a 12/10/72 04:27:07.3 50.001 78.973 5,63
g5 07/23/73 01:22:57.6 49,962 78.812 6.34
06 12/14/73 07 :46:57 .1 50.044 78.987 5.83
07 05/31/74 03:26:57.5 45,950 72.852 5.86
08 10/16/74 06:32:57.6 49,9765 78,898 5.49
0s 12/27/774 05:46:56.9 49,943 78,011 5.57
10 04/27/75 05:36:57.2 49,949 78,526 5.59
11 10/29/75 04:46:57.3 45,946 78.878 5.65
12 12/25/75 05:16:57.2 50.044 78.814 5.67
13 07/04/76 02:56:57.5 49,909 78.911 5,85
14 08/28/76 02:56:57.5 49,969 78.930 5.92
15 11/23/76 05:062:57.3 50.008 78,963 5.95
15 12/07/76 04:56:57.4 42,922 78.846 5,92
17 05/29/77 02:56:57.6 49,937 78.770 5,72
18 09/05/77 03:02:57.3 50.035 78.921 5.83
19 10/29/77 03:07:02.5 50.069 78.975 5,54
20 11/30/77 04:06:57.4 49,253 78.235 5.91
21 06/11/78 02:56:57.6 49,898 78.797 5.82
22 07/05/7% 02:46:57.5 49,887 72,871 t.82
23 08/29/78 02:37:06.2 50,000 78.978 5,94
24 06/15/78 02:36:57.4 49.516 78.879 5.99
25 11/04/78 05:05:57.3 50.034 78.943 5,57
26 11/25/78 04:33:02.5 49,949 78.7¢98 5.99
27 06/23/79 02:56:57.5 49,903 78.855 6.18
28 07/07/79 03:46:57.3 50.026 78,991 5.82
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:’.;-I: Taple 1 (Continued)

‘,ﬂ: SOURCE PARAMETIRS FOR SHAGAN RIVER £YPLOSIONS

=

:::,::f fvent = Date Origin Time Lat.(N)  Long.(E) My

‘f? 23 08/04/79 03:56:57.1 49,894 78,904 6.6

E;éi 20 08/18/79 02:51:57.1 49,943 78,938 £.19

S 3 10/28/79 03:16:56.9 49,973 78,997 5.97

- 32 12/02/79 04:36:57.4 49,891  78.786 6.00

o 33 12/23/79 04:56:57.4 49.916  78.755 6.16

Eii: 34 n4/25/80 03:56:57.5 49.973  78.755 5.45

o 35 06/12/80 03:26:57.6 49.980 79,001 5.53
R 36 06/29/80  02.32:57.7  49.939  78.815 5.70

.- 37 09/14/80 02:42:39.1 49.921  78.802 £.22

5 38 10/12/80 03:34:14.1 49,961  79.028 5.87

o5 39 12/14/80 03:47:06.4 49,899 78,938 5.97

o 40 12/27/80 04:09:08.1 50,057  78.98] 5.87
(\ - &1 03/29/81 04:03:50.0 50,007  78.982 5.57

;;}; 52 04/22/81 01:17:11.3 49,885 78,810 5.92

ﬁ;f' £3 05/27/21 02:58:12.2 49.985 78,980 £.30 !
N 24 09/13/81 02:17:18.2 49,91 78.915 6.09 |
2 25 10/18/81  03:57:02.6  49.923  78.859 6.03 |
o g 11/29/81 02:35:08.6 49,887  78.860 5,51

fgi a7 12/27/81 03:43:14.1 49,923 78.795 §.28

KA ag 04/25/82 03:23:05.4 45,903  78.913 6.11
;fﬁv a9 07/04/82 01:17:14.2 49,960  78.807 6.22 |
{}:é 50 08/31/82 01:31:00.7 43,524 78,761 5.3% |
A 51 12/05/82 03:37:12.5 49,919  78.813 6.18
S 52 12/26/82 03:35:14.2 50,071  78.988 5.72
%
_,‘:? Origin times and locations are from Marshall, Bache and Lilwall (1984)
;‘g my values are from Dermengian, Murphy and Barker (1985),
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V;; chus, support the hypothesis that they are associated with variations in
:ig the near-source P wave propagation paths to teleseismic distances /Barker
)'?} and Murphy, 1986). As reported by Dermengian et al. (1985), attempts to
. determine the magnitude of the variation in selected azimuth windows were
;i; inconclusive due to the possibility of network magnitude bias caused by
iji azimuthal clustering of stations for most of the explcsions. Thus, while
ti: the differences between the my patterns for pairs of events could be well
’-x. constrained, the absolute value of the residual change in any one azimuth
,jﬁ was indeterminate.
N
N 2.2 ESTIMATION OF UNBIASED NETWORK-AVERAGED my VALUES
‘;u: In order to develop a method of obtaining unbiased estimates
'gs for the event magnitudes from which accurate single station my residuals
; fﬁ can be computed, we have examined the correlation structure of the set of
:;\ station-corrected m residuals calculated in Dermengian et al. (1985).
?Ef These prior results were based on network m, averages computed from sta-
y - tions which were geographically clustered and correlated to some degree,
E:?f resulting in the possibility of biased network my values. In order to
(’ first determine the degree to which the single station My residuals were
~£¥ correlated, station-station my residual correlations were computed for
]

~

"l.. ll. l-. .

all station pairs in the dataset. To first order, station-station cor-

Calda

relation is a complicated function of the separation between stations on

2

the focal sphere, with the smoothness of the function varying depending

O

f o on tne geographical location of the stations. An example of the effect
;’E cf geographical proximity on the correlations between station residuals
£§ can be seen in Figure 2, which shows the population of station-station

”;‘ correlation coefficients for a group of 18 stations located in France,

.:;b For this group of stations, which have a mean separation of a few hundred

;E} kilometers, the station-station correlations are largely positive., It

‘36 follows from this figure that if station-corrected my values at a station
°. in France are biased high or low relative to a worldwide network average

;333 then, to a certain degree the other stations in France will be biased in

! : the same manner, Alternately, using single station my values recorded

f’? by this group of stations in the determination of a network m, can re-

;;T sult in biased network my values if simple averaging is used,
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In order to account for this potential biasing effect of

station-station correlation we developed an ad hoc scheme whereby sta-
tions which were highly correlated would be given appropriately less
weight in the averaging process. By using the station-station correla-
tions as a clustering variable, the majority of the stations in our data-
set can be placed in one of three groups such that the within-group
station-station correlations are predominantly positive. These three
groups are (1) stations in North America, (2) stations in continental
Europe less than 45 degrees distance from Shagan River, and (3) stations
in France. When station-station correlations for station pairs within
each of the three groups are examined in more detail on an individual
basis there are certain sub-groups of stations which appear to account
for most of the large-positive correlations observed, these correlations
being generally greater than 0.5. Other stations in the groups contri-
bute most to the correlations which are pesitive but not as large as 0.5,
To account for this, stations were re-grouped into smaller groups such
that station-station correlations for pairs of stations in the same group
were predominantly large and positive. The remaining stations were con-
sidered as independent. Then, for each event in our dataset, a revised
my was computed by averaging within each group and then computing a final
average of the group values with the values reported by the independent
stations,

Figure 3 shows how the revised event magnitudes compare with
the original values computed by the least squares analysis of Dermengian
et al. (1985) as a function of event location. It can be seen in this
figure that for the majority of the events the adjustments caused by the
new averaging procedures are quite small, with around 0 percent of them
being less than or equal to 0.08 magnitude units in absolute value.

There are a few events, however, where the adjustments are more substan-

tial, and these seem to be concentrated in the central and northeast por-
tions of the test site where the most pronounced residual variation with

azimuth is observed, Thus, it appears that the process of grouping sta-

tions based on their inter-station correlations has resulted in rela-

tively minor adjustments to the majority of the network my values
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previously calculated using a least squares technique, parzicularl, for
events in the southwes:t portion of the test site., For a 7ew of tne
events, notably some of the central and northeastern events, the adjust-
ments are more substantial. We will now investigate the effect that
application of these adjustments has on some of the more important re-
sults obtained by Dermengian et al. (1985).

2.3 RESIDUAL ANALYSIS

b
Using the revised network mb values obtained above, we have
re-computed single station my residuals for all station-event pairs in

the dataset. As in the original study of Dermengian et al. (1985), these
revised data provide evidence of some unaccounted for source region physi-
cal mechanisms which are affecting the radiation of P wave energy to tele-
seismic distances. This is illustrated in Figure 4, which shows the

station-corrected m, residuals as a function of event location for sta-

tion ALE in Canada :nd station HFS in Sweden. Note that the residuals,
which can be regarded as variations in the "station corrections" with
source location, show pronounced trends in that residuals of the same
size and sign tend to cluster into geographical groups. Now in Dermen-
gian et al. (1985), an attempt was made to group stations which appeared
to be highly correlated and average their residual patterns as a function

of source location, with the aim of contouring the mean my residuals

across *he tezt site. In that repor:t, the sta:tion grouping was based on ;
visual comparisons of plots of station data. Using more precise informa- |
tion obtained from our correlation analysis, we have re-grouped the sta-
tions and performed a similar analysis. Eleven stations in North America
naving generally positive station-station correlation were selected as
the first group. For each event in the dataset, the my residuals at
those stations in the group which recorded the event were averaged. The
residuals as a function of event location computed using these 11 sta-
tions ir North America is shown in Figure 5. In this, and subsequent
plots of the same kind, rough contour lines have been drawn to highlight

the general trends. As Dermengian et al. (1985) showed for a smaller
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Figure 3, Contours of mean my residuals across the Shagan River test

site derived from a group cf 11 stations in North America.
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group of stations in the same area, the average station-corrected m_

resiauals for events in the northeast and cenztral portions of tne -es:

si<e are relatively large and vary by a few tenths magnitude units over
this area. Specifically, North American stations see events in the

northeast portion of the test site as being larger than the worldwide
average and events in the central portion as being smaller than tne
worldwide average, A similar plot for a group of 17 French stations
which were determined to be highly correlated is shown in Figure 6. The
variation in the average station-corrected my residuals as a function of
event location for these stations is alsoc fairly regular and even larger,
although opposite in sign, than that shown for the stations in Nortn
America., As mentioned earlier in this section, a third group of stations
which were found to have generally positive station-station correlations
consists of stations in continental Europe at epicentral distances of
less than 45 degrees from the Shagan River test area. A similar plot

for this group of stations is shown in Figure 7. In this figure, it can
be seen that the sign of the variation in the northeast and central areas
07 the test site is the same as for the French stations, although the
magnitude of the variation for this group of stations is less than both
the French stations and the North American stations. Thus, these figures
present further evidence that the variations in my residuals for stations
in a given azimuth and distance range are systematic enough tha* they can
be contoured as a function of source location. This result supports the

hycothesis that the observed differences are associated with changes in

W

:g% the near-source P wave propagation paths to teleseismic distances as a
E:§ function of source location within the test site. Moreover, the extent
O“ of the variation appears to vary with the geographic location of the
ifg; stations, with stations in France showing the largest amoun+t ¢f veriation
:ﬁ; over the smallest source region area.
f:fl A better way of illustrating these variations in my residual

'z patterns is by comparing corrected my residuals for different pairs of
.fﬁs events at common sets of stations. Figures 8 and 9 show four such com-
;E, parisons for pairs of events located in the central/no~theast region of
E?: the test site, the area which shows the largest variation with source
.,[- Tocation at the stations in France. In each of these figures the sta-
."ﬁ tions are grouped by geograohic location in order to highlight the differ-
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ences between the station groups that was seen in Figures 5 tnrough 7.
As Figure 8 shows, the residuals seen by the Ffrench stations for even:
=15 differ greatly from those seen by the same stations for events =25
and =28, which are located only a few kilometers away. These differences
can amount to over 0,8 magnitude units in some cases. Stations in Europe
less than 45 degrees distance from the test area also see differences be-
~ween the pairs of events, although these differences are not nearly as
large as those seen by the French stations. Stations in North America,
along with most of the other remaining stations, see generally random
residual differences for these event pairs. A somewhat different picture
emerges in Figure 9, however. Here we show residual comparisons between
event =14, located a 1ittle nearer to the center of the test site, and
the same two events #25 and #28, In this case, the differences seen by
the French and other European stations are much the same as was shown in
Figure &, The North American stations, however, now see smaller residuals
for event =14 than they see for events #25 and #28. The other remaining
stations, once again, see a more random pattern of differences. These
variations are quite consistent with the general trends shown in the con-
tour plots of Figures 5 through 7, confirming the fact that large varia-
tions in corrected my residuals do oc-ur between events in close proximity
in the northeast and central portions of the Shagan River test site,
Mcreover, *these variations not only appear to have a dependence on s*ta-
tien azimuth, as evidenced by the differences between the F-ench and
“or<h American s:tations, but they also appear Zo have a dependence on
take-off angle., Evidence of this is given by the differences seen be*ween
the frencn stations and the other turopean stations which lie along essen-
“ially tne same azimuths but have different take-off angles from the “est
arsz,

This variation in the my residuals as a function of “ake-off

angie to0 the French and European stations is illustrated more clearly in

-

p

jqure 10 which shows the focal sphere projections of the residuals ob-
rved at these stations for the four closely-spaced events =15, =25,
=28 and =41 (cf., Figure 1). It can be seen that for even*s =15 and =41,

“ne Ty residuals at stations in france (take-o0ff angles less than “ne

2€° incicated by the dashed lines) have large positive residuals wnile
16
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those for ine other stations in Europe (take-off angles greater tnan 2£&°,

(
¢

-

average close to zero. For events =25 and =28, on the otner hand, the
French stations show large negative residuals, wnile the nearer European
stations again show small residuals which average close to zero. Thus,
the principal variations in my, as a functio. of source location are occur-
v ring at the French stations, which suggests that the P waves leaving the
> source region through the corresponding portion of the focal sphere are

- encountering some anomaly in the subsurface structure beneath the Shagan

- River test site,

. 2.4 PRELIMINARY EVALUATION QF THE SOURCE OF THE My ANOMALY

In order to gain some insight into the cause of the observed

my anomalies at the French stations, a first order ray trace analysis

H

¥ v
PRI S P

AV IY YN

z

has been conducted in which the my residuals for the four events of Fig-

ure 10 have been projected onto planar surfaces at different depths using

the known azimuths and ray parameters to the European stations of inter-

'-'I‘l
LI IR S I 4

est. Figure 11 shows the approximate surface projections of the illumi-

nated areas as a function of depth with respect to the location of the

AR RN

Shagan River test area. Figures 12 through 14 show the projections of
“he My rosiduals for the four events on six depth slices spaced 25 km

acart between 25 and 150 km depth. It can be seen that at shallow depths

D!

’

{cf. Figure 12), the large negative and positive residuals {large circle

w

and x's, respec<ively) are strung out in a linear fashion and heaviiy

DOOOON it

intermingled with normal values with residuals close to zero. Clearly
such a pattern is not consistent with a confined, geometrically reguiar
source of the my anomaly. However, at the intermediate depths (cf. Fio-
ure 120 <he large negative and positive residuals begin <o cluster into
groups, until at around 100 km almost all the large negative residuals
nave coalesced into the northeast quadrant of the projected plane. A:

s+i11 deeper depths {cf. Figure 14), the large positive and negative

residuals begin to intermingle again, suggesting that the P waves <o
tnese stationc are encountering an anomalous volume of material at

den*ns hezween about 75 and 125 km.
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In orasr <o examine *ne jeome*ry of tne anomalious voiume ir

more detail, my residuals at these same stations from five adcitional
avents in the same general area of the test site were added to the analy-
sis. The locations of all nine events are shown in Figure 15, Figures
16 through 18 show the projections of the my residuals for the nine even<s
on the same six depth slices shown in Figures 12 through 14, These ad-
ditional data show very much the same patterns as the original four events
and provide somewhat bet*er spatial resolution. Once again the large
nega+tive residuals appear to coalesce into a homogeneous group in the
northeast quadrant at a depth of about 100 km., The nine event residual
pattern at a depth of 100 km is reproduced in Figure 15, where rough
poundaries have been sketched in to encompass areas of predominantly
Targe negative (solid line) and positive (dashed line) residuals. It
can be seen that itnis rough partition captures almost all the large nega-
“ive residuals in a homogeneous group containing no positive residuals
and only two near-zero residuals. Similarly, the dashed line encloses
w05t of the large positive residuals with no negative residuals and a
relatively small percentage of normal (i.e. near-zero) values.

The extent to which the partitioning of Figure 19 separates
<ne four event residuals is shown in the left panel of Figure 20. I*
fits tnese daza well, particularly the rather sharp western boundary
wnicn defines the extent of the large negative residuals as suggested by
tne Zata from the four events alone. The right nand panel of <his figure
shows the residuals for the nine even*s at tne same 100 km depth for four

the w

g french stations selected to illustrate the consistent changes in

‘h Hkb
o resicuals witn source location from normal to large positive to large
[l

o negative as *he station orojections migrate from south t0 north acre:s
o this section.

"\."‘

A Figure 21 shows the nine event m_ residuals at 100 km depth

from Figure 19, split into two groups of stations. The lef: panel shows
the nine event residuals for the 15 stations which contribute large nega-
tive residuils to the northeast cluster of data. The panel on the rignt
shows the nine event residuals for the remaining nine stations. 1%t can

be seen from the left panel that the residual data from the 15 stations
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Present 2 very consistent picture, with almost a complete separation of
regions of low, normal and high residuals. 1In particular, the southern
boundary of the large positive residual region seems to be well con-
strained by these data. The data from the remaining nine statfons shown
on the right hand panel project mainly outside the partitioned areas and
represent a mix of mostly small positive and negative residuals. 1In
fact, approxjmate]y 50. percent of these residuals are not significantly
different fFom zero (i.e. solid triangles) indicating that the data from
these stations are predominantly normal and, thus, presumably the P wave
paths have not traversed the anomalous volume, These data serve to pro-
vide a rather tight constraint on the western boundary of the anomalous
area.

Thus, our preliminary explanation for these observations is
that the P wave paths to the stations characterized by large positive
“and negative my residuals have traversed an anomalous volume of material
at a depth of about 100 km beneath the surface at a location northwest
of the Shagan River test site (cf. Figure 11). The apparent dimension
of the anomaly is on the order of 5 km and results in a defocusing of
P wave energy out of the northern paths to the French stations (solid
outline on Figure 21) and into the southern paths to the French stations
(dashed outline). Presumably the anomalous volume corresponds to some
sharp lateral variation in physical properties, in particular P wave
velocity, at this 100 km depth. Available geologic maps indicate no
surface expression of this anomaly, which is not surprising given its
relatively great depth. The anomaly produces about 0.4 unit variation
in the my residuals for these events. Commier (1987) estimates that a
6-8 percent variation in velocity can cause amplitude variations of this
order, although this must be considered a very rough estimate in that
calculations in Cormier (1987) are not applicable to the scale size (i.e.
wavelength/Tength) represented by our data.

It is important to note that my residual variations comparable
to those documented above are also observed along other azimuths from
the Shagan River testing area. For example, Figure 22 shows the station-
corrected my residuals as a function of event location for the WWSSN
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e stazions BJL in Africa and PMG in Hew Guinea. [t can De seen tnat tnese
!_ residuals also show pronounced trends, with residuals of the same sign
L +ending %o cluster into geographical groups. In tne absence of denser
L coverage of the focal sphere in these azimuths, it is not possible “o per-
- form the kinds of detailed analyses that were previously performed using
\ _ )
oo tne my values observed at the European stations., However, zhese dat:a
. suggest that the same My residual variations used to localize the anoma-
j{ Tous structure along propagation paths from the Shagan River test area

N
P ~ .

- <0 furope appear to occur along other propagation paths as well, Pre-
-~ sumably, 1f adequate samples of single-station my data were available,
a0 tne extent of other anomalous structures in the upper mantle/crus+al re-
\"“ . - ' . - - -

:}: zions surrounding Shagan could be determined in a similar manner,
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ITI. ANALYSIS OF WAVEFORM DATA

3.1 INTRODUCTION

Tne analyses summarized in the preceding section confirmed the
fac+t that the teleseismic mb data provide strong evidence of systematic
geophysical variations within the Shagan River testing area of the U,S.S.R.
They were also used to illustrate how, in some cases, these data can be used
0 gualitatively map the subsurface structures responsible for this varia-
bility. In this section we explore other characteristics of the tele-
seismic data to determine whether they correlate with the observed my
variations in a manner which provides additional insight into the nature
of +he near-source structural effects. In particular, we will attempt to
determine whether single-station my residuals are correlated with varia-
tions in the spectral content or complexity of the waveforms from which
the My values were measured. Changes in complexity could conceivably re-
sult from preferential focusing or defocusing of the direct P waves rela-
tive to P coda while changes in spectral content might result from pref-

(D

rential focusing/defocusing in certain narrow frequency bands. We will
also investigate whether there is any evidence of travel time variations
accompanying variations in my using the database compiled for tnis sec-
“ion. Since our prior results indicated that events in the central and
northeas*tern sections of the test site show the most pronounced my varia-
biTi=y with source location, the analyses will focus on a subset of events
from those areas. The data analyzed consists of short-period P wave and
P-coda recordings from the nine GDSN stations shown in Figure 23, These
particular stations were selected or the basis of availability of digital
waveform data with good signal-to-noise cnaracteristics for & ltarge pro-
portion of the events of interest, O0f the nine stations, GRFQ and TOL
1ie near %0 *he European stations used in Section Il *o locate the struc-
tural anomaly to the northwest of the test site. Thus, poten+tial wave-
form variations at these stations are of special interest. The other
seven stations are scattered throughout the remaining areas of the focal

sphere, providing representative coverage for events locazed in tne

o Shagan River test area.

-
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Since we are interested in waveform characteristics wnicn micgn:
correlate with variations in single-station My residuals, single-staticn

m, values were first measured in the conventional manner from the maximum

b
P wave amplitude of each waveform in the database. Next, singie-station

m, residuals were computed for each station by subtracting the network my

v:1ues for each event, and the resulting residuals were zero-meaned at
each station by removing the average residual for all events measured at
that station. As before, in the absence of any underlying deterministic
mechanisms, it would be expected that the residuals for a given station
would be randomly distributed with respect to event location., For some
of these GDSN stations, however, this is not found to be the case. For
example, Figures 24 and 25 s. ow the station-corrected my residuals as a
function of event location at stations TOL, GRFO, CHTO and BCAQ (the re-
maining station piots can be found in Appendix A). As was observed for
the stations analyzed in Section II, the residuals for some of these sta-
tions show trends such that residuals of the same sign tend to cluster
into geographical groups, although the range of variations is generally
smaller than those shown for the European stations in Section II. Perhaps
he clearest and largest patterns of my variation associated with source
location for these stations is at station TOL in Spain, which 1ies close
o zhe stations in France which showed similarly large variations in the
srevious section., Moreover, comparison with Figure 6 indicates that the
catzern of variation at station TOL is quite consistent with that observed
previously at the French stations. On the other hand, station GRFO
(Figure 24) in Germany shows a mixed pattern of variation, similar to
“hose observed previously for the ISC stations in Germany. Thus, the
Zata from these two stations are consistent with those observed from the
nearby ISC statinns used to identify the subsurface structural anomaly
in Section II and, consequently, should provide a basis for more sophis-
ticated signal analysis.

Regardless of the cause of the changes in my residuals with
event location, one might expect a visual comparison of the signals re-
corded at a particular station to give some indication of anomalous be-

havior in cases where the my residuals vary by up to a few tenths of a
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macnizude uriz, Consequently, tne recordec waveforms at statiors TCL,
3RFC, CHTO and BCAQ are displayed in Figures 2% <nrough 29, arrangec in
order of increasing my residual for eacn station, < is clear from these
figures that a simpie visual comparison cf the P wave recordings gives no
indication of any large, systematic differences whicn might be correlat=
with the my variation. Some signals do appear to nave cer*ain charac:zer-
istics *hat make them appear different from others a* *he same szation
{e.g. even® =28 at station GRFQ), but there is no evidence of any con-
sistent changes occurring as the my residuals go from negative t0 posi-
<ive at any of the stations., In fact, it is quite surprising how similar
sne waveforms are at some stations (e.g. CHTO) in view of the variations
in explosion size, source depth, and location, The waveforms recorded at
tne other five selected GDSN stations are reproduced in Appendix B where
it can be seen that similar comments apply renarding the overall lack of
correlation bezween general waveform characteristics and event My resid-
ual. Thus, a simple visual inspection of the signals for this group of
stations reveals no easily identifiable featires which might be asso-

cigzed with anomaious my benavior,

i.2 COMPLEXITY RESULTS

In order to bextter quantify any subtle changes in complexity
wnicn might be taking piace, we have compu<ed <he temporal ceniroid cof
each *ime nistory over a 20-second P wave and P-coda window, defined as

Lay and wWelc, 1387)

N i X
N
2
Y\
2%y
i=]

where

=
1]

number of poin<ts

sampling rate

w
-~
n
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Thus, larger values of tne tanporal ceniroicd incicate relatively larzer

O

F-coda amplitude/P amplizuae (i.e, greazer complexity, and vice versa,

A station-by-station comparison of tne -emporal centroids vs. tne My

ne first group

residuals reveals two general categories of szations., 7
consists of those stations with large scatter and wi*h ne indication of
a =rend in centroid values as the Ty residuals cnange from n2gative to
sositive. The other group of stations consists of Those also naving
arze scatzer but with some hint of a trend toward decreasing centroid

i.e. decreasing complexity) as tne my residuals increase. The
results for this latter group, wnich includes szations TCL and GRFQ, are
snown in Figure 30. It can be seen nere that for <tnese six s:ations

snere appears to be a slight correlation between cecreasin

(]

complexity
and increasing my residual, with some stations showing tnis pattern more

clearly tnan others. As an illustration c¢f tnis correiazion, Ficure 23
shows a comparison of waveforms at station T0L from event =ZZ, wricn heas
a residual of -,11 magnitude units and a relatively large centrpid vaiue
(marked as C; on the plot), and event =Z3 wnicn nas en s resicual of
=.2C and a slightly smaller centrocid vaiue. Tnis figure shows <hat wniie
there do appear to be guantifiable differences in complexi<y bpetween

t & given station, tnese varia-

(V2]
s

events with larce and small My residue’
~ions are not easily resolved by the naxed eye, Ficure 32 shows scme
gther waveform comparisons for station 2CA0, In “nis case the dif erences
cetween the events with larse and small
are visually more noticeable, Finaily, Figure ZZ shows a similar compari-
son tetween events =35 and =322 az staticon GRFC, wnere <ne changes in ¢
exity are more obvious. Thus, &t Some sta<tions *“nere azpear 0 be
fietle differences in complexity Zetween events showing
residual differences. For most stations, however, tnese chanaes are
either not present or are too small to be detected using =nis orocessing

technigue.

3.3 SPECTRAL RESULTS

1

In an attempt <o quantify any sDecira) variagtions wnicn mignt

-

be ussociated with variations in m, residuals all *he 3ISHh waveforms were

F 39
~4
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bandpass filtered into six separate frequency bands with center frequen-
cies ranging from 0.6 Hz to 3.8 Hz. After testing for adequate signal-
to-noise characteristics, spectral ratios were computed for each waveform
by dividing the filtered trace maximum amplitudes from each of the four
high-frequency bands by those for the two low-frequency bands. Thus,
changes in the spectral ratios at a given station provide a measure of
the variation in spectral shape from event-to-event, At each station,
the individual spectral ratios were then examinec for any correlation
with the my residuals as measured from the same waveforms. As with the
complexity measurement, a number of stations showed no correlation between
any of the spectral ratios and the my residuals. For these stations, the
near-source effect which is causing my residuals to vary by up to a few
tenths of a magnitude unit is apparently a broadband effect. Some sta-
tions, however, did show trends when particular spectral ratios were cor-
related with the my residuals, This is jllustrated more clearly in Fig-

ure 34, which shows how spectral ratio variations correlate with m_ re-

b
sidual variations at stations TOL, ANTO, BCAQ and CHTQ. For these sta-
tions the variations in spectral content are such that a positive My
residual is associated with enhanced high-frequency energy, or vice versa,
Wow, a confounding factor in these spectral comparisons is the fac:t <hat
the event magnitudes vary. In order to minimize spectral variations

which might be due to changes in the event magnitudes, direct comparisons
were also made between bandpass output amplitudes for groups of events of
approximately the same network magnitude. Figure 35 shows a comparison

ct bandpass spectra for two pairs of events having spectral variations
which correlate with my residual variation as recorded by station TOL.

in this and subsequent figures of the same type, the specira have been
normalized to a constant value at 1 Hz. It can be seen that for these
pairs of events of comparable magnitudes the en-.ancement of energy a*
frequencies above 1 Hz relative to energy at or below 1 Hz is associated
with a positive shift in the m, residuals., Similar event comparisons

are shown for stations ANTO, BCAO and CHTQ in Figure 36. Once again,

the enhancement of energy above 1 Hz relative *o0 energy at or below 1 Hz

is acsociated witn positive my residuals. An in*erpretation of these

n
T




"01HD

pue Qydg ‘0INY

1

i

0vodg

|2 WAL ..f Wy
lv\-.-. --‘-
POAIS g+ AP v

JJJ1J-.

I.N. s

AR
.1-'-'

LR 48 X g8 g o

.p-f-'-ff...-\

701 suorieils e s|enpLsad

q

I SNSA3A Sanfea o1jed (ed}oodg

C_<
[ 0 or-
Al L4 L ]
| {o-2
3 X
= b ¢ .
' - x {o°¢
N x
. b ¢
- - {0°v
YOHAJ x
m/w ﬁ X b, %4 X 407§
- X 109
i P 2 0" L
01H)
2:.<
ri 1° 0 - 2°-
¥ L] h A L
g xl0°¢
x
>
N - X x qo¢
X
!
m - {o°v
i X x5 X
- - fo0°¢6
X
- J0°9
A A y A A AVQ\A
0O INV
] -JJ.-.- v DR, .J.. .....J,..-_ (RS ..._.-......-
. ....w ..o.l..p.m.....v....u.. L s O..x....x.. ury e

AR

(248"

AR
9°1)

(zHe"
(2% °¢

“pg a4nb1y

-

[e)}

[2V]

N
o)

ee]

H

7....:../..4
NN SN

53
O LN
a7y

3

”
z
’

P
[}

AN TS
nthehy

-

£

Y

N

b .w.. R
. “
o e




| Y Y T
( 1.0 = -
Zvent ® Event m Am, C.9p «
: > 2 0.8} )
N 0.7¢ J
) 15 5.74 +,25 0.6 p o
* 25 5.59 -.07 o.5F #23 -
\
. 0.4} 25 ]
C.3% o
I’J
0.2 o oy
9,
v
Y
[]
X 1.0 2.0 3.0
" £ (Hz)
Y.
-
L v A
. 1.0 #23 i
- 0.9 o -
¥ Tvent = Event m Am 0.8 1
. b o] 0.7k ;
128 128
. 0.6 p 4
™ 23 5.93  +.20 ! )
0.5+ 423
, 28 5.86  -.l1 A el ]
o
3 0.3 4
! 0.2 b 4
)
|
“ 1.0 2.0 3.0
\‘ f(HZ)
& Figure 25, Spectral comparisons of selected Shagan River explosions a%
Y station TOL.
]
k)
)
L)
| 54
L}
B N R o o N g e S
L (> e (] B A - R N R .} B A A S A o' N o 4 ! A » 0 .




PS ‘ ANTO 2.0

o
s Tuent = Event T .’.\.mb

- fo!

T

LY

b 8 5.86 +.11 Lot

- 0.9 p
, s 5.84 -.19 0.8 b+

0.7 p

@y 40 5.93 -.27
1 (e v . A 0.6}
1

..h

0.5

14

S

\ 0.3 ¢
3
~

N

WS

A"~

-

'.'\

o BCAQ 2.0 f

-

Event # Event mb A“b

5.93 +.10 Lo

Lt

£

)

£
K O

0.9}
'0_ 2 5.86 +.05 0.8 b
" 0.7
31 5.98 -.07 I
A o6t
o 38 5.84 -.11 0.5 b
'n"‘ Q.4 |
sy 0.34
£ (1)
v - v v v
CHTO ar 1
s
- Zvent Zvent m Am,
" 2
Ny
e . Lo
g 22 5.93 +.10 °:9 : :
[l
o 28 5.84 -.06 osr <
.$I c.] 3 p
K-> A 06} d
v -",
ol 3.5t 4
0.4 b
Q <
o
o 0.3} .
- 1.0 2.0 3.0
S £ Otx)

@

»

Figure 36. Spectral comparisons of selected Shagan River explosions at
stations ANTO, BCAO and CHTO.
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results is +<hat high-frequency energy is being preferenzially focusec/

cefocused at or near the source. 7This is supported by tne fact <ha%t the
network magnitudes for the events that are being compared are similar and
*he travel paths from the events to any single station are essentially
identical except for the portion nearest the source. One station which
snows a slight correlation of the opposite sense from the above, that is,
positive my residuals associated with depleted high frequency energy, is
station GRFQ in Germany. While not very pronouncec, this correlation is
noteworthy in that it is the only one of it's kind among tnis group of
stations., This effect is illustrated in Figure 37 which shows a compari-
son of filtered time series for events with large positive and negative
residuals a+ station GRFQ. In this figure the <race amplitudes of the
two higher frequency traces are scaled to the amplizude of <tne low fre-
quency trace for each event separately, and it can be seen that even:
=28, with a pcsitive my residual, has relatively less high freguency
energy <nan event =41 with a negative residual.

In summary, about half of the s:iations analyzed show no dis-
“inguishing variations in P wave spectral characteristics which can be
residual varia<tions. However, som

associated with m tations, includ-

4]
[Va]

b
ing station TOL in Spain, show some correlation between enhanced hign-
‘requency energy and positive my residuals. Tnis result suggests that
addizional digizal waveform data from stazion T0L, or more specifically
‘rom stations in fFrance, if they were avzilabie, might be useful in pro-
viding addizional cons:traints on the cnaracteristics of the structural
anomaly found in Section II. That is, such data could be used to provide

‘requency dependent constraints on *ne scphisticated three-dimensional

[
(1]

seismic modeling wnicr will r

D

guired %o unigueiy invert for *ne char-

acteristics of the subsurface siructure producing <he observed m, anom-

b
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e c.é TRAVEL TIME RESULTS

s

Al In Dermengian et al. (1923, i+ was concluded =nat *he arrival

WA -
" time data reported to the ISC are no* precise enoush %o resolve the
»

"l rather small travel-time variatiors which mijht oe evpected *0 accorrpany
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the obpserved my variations., However, the GDSN recordings proviae a more
precise data base for testing for correlations between U and arriva’
+ime variations, Five stations were selected based on the results of
Sections 2.2 and 3.3 (stations TOL, ANTO, BCAO, CH70 and GRFO) and arri-
val times were carefully measured to a precision of better than 0,1 sec-
onds on all waveforms recorded at those stations from the events of in-
terest. Travel time residuals were then computed by subtracting the
travel +imes predicted by the Herrin P wave travel-time curves [Herrin

et al., 1968) from the observed travel times. Then, by analogy with the
my, analysis described above, the mean travel-time resicual was determined
for each station, and subtracted from the individual observed residuals
at that station to obtain the variation of the residuals as a function of
source jocation. Upon inspection, these travel-time residuals were found
0 be quite small and to show no obvious correlation with event location
at any of the stations. In an attempt to gquantitatively determine whether
the variation in the travel-+time residuals was correlated in any way with
“he variation in the My, residuals, the correlation coefficients between
the two se<: of residuals were estimated at each of the five stations.

Of the five stations, *wo (BCAQ and CHTO) showed nearly zero correlation

cetween <ne two variables, whiie the other three [T0L, ANTC, 3RF0O) showed

w

ome positive correlation cf Tate arrivals with positive my residuals.
Figure 35 snows tne relationship between the travel-time residuals and

5 at these three stations. [t can te seen in tnis figure
that <ne range in travel-time residuais is very small and the scatter

large, but that tnere is some trend of late arrivals correlating with

positive Ty residuals, particularly at station ANTQ. The direction of

PRt
‘it

LR S

- ‘.-,

this treng favors a focusing type mechanism as the cause of tne My varia-

A

~ions as opposed tc an absorption or attenuation type mechanism which

AN would generally cause late arrivals to be associated with negative my
;?é residuals., C(learly, it would be of interest to pursue such investiga-
i;f tions further using more precise arrival time data from the French sta-
o tions used ‘o define the subsurface structural anomaly in Section II.

>

)

'\n'r .

.-" Unfor<unately, such da<ta are not currently available,
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IV, SUMMARY AND CONCLUSIONS

£a
—

SUMMARY

The investigations summarized in this report have centered on
an analysis of variations in P wave propagation characteristics along
teleseismic paths from underground explosions conducted at the Shagan
River *est site. One of the key assumptions involved in the estimation
0of explosion yield from teleseismic P wave data is that variations due to

propagation path effects can be averaged out if a suitably large, well-

distributed network of observation stations is used., That is, it is

n".-.'-’l'i:.

.
3
.
.

assumed that, aside from possible source region effects which would be

v
7

Y YA
LI

common <o all teleseismic P-wave observations (e.g. those due to upper
mantle Q variations beneath the test site) large network estimates of my
are unbiased. Experience has confirmed that this assumption is generally
valid, at least in a gross statistical sense., However, if one examines
=he data in any detail, it soon becomes evident that there is much about
m. variability which is s£i11 poorly understood. The primary objective
*he present study has been %0 atiempt to develop a better guantitative
understanding of some of the sources of such my variability observed for
expiosions at the Shagan River test site,

The preliminary investigations of Dermengian e: al. [(18835) were
reviewed in Section II, with particular emphasis on the nature of the
coserved my anomalies whicn were used to infer the existence of systema-
tic geophysical variations within the Shagan River test area. The prob-

iem of network bias in the determination of average event my values was

e . . . , .
&7 2lso addressed in this section, where the results of a correlation analy-
o7 . - . . L
AN sis performed on a iarge sample of single station m, readings were used
oS . . . . .
T 1o obtain unbiased estimates of the my values associated with the explo-

o5

sions at this test site, These revised network-averaged my values were

v then used 25 references to quantitatively define tne ranges in cistance

{Q; and azimuth over which the single station m_ anomalies persist. Once

.lx . ] . . »

;xj +his was accomplished, a first order ray trace analysis was conducted in
"

o, T L. . . .

i;- which the iR residuals observed from a group of stations in Europe were
-3

54 projected onto planar surfaces at different depths using the known
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azimuths-and ray parameters for those stations. The results of this
analysis indicated that the teleseismic P wave paths to stations in France
from explosions located in a particular area in the northeast portion of
the test site traversed an anomalous volume of material at a depth of
about 100 km beneath the surface at a location northwest of the Shagan
River test site. The apparent dimension of the anomaly is inferred to be
on the order of 5 km and results in a defocusing of P wave energy out of
the northern paths to the French stations and into the southern paths to
the French stations. Presumably, the anomalous volume corresponds to;
some sharp lateral variation in physical properties, in particular P wave
velocity, at this 100 km depth. A preliminary review of available geo-
logic data revealed no surface expression of this anomaly at depth.

In Section III, a preliminary ana1ysis of waveform data from a
subset of the explosions was conducted in an attempt to define any near
source structural contributions to the waveform time- and frequency-
domain characteristics. That'is, a database of teleseiSmic P wave re=--
cordings from a group of well-distributed stations was carefully analyzed
in an attempt to identify any correlations between waveform characteris-
tics and my residuals as determined from the same waveforms. A simple
visual inspection of the signals revealed no obvious characteristics
which could be associated with my residual variations of up to a few
tenths magnitude unit. Further quantitative studies, however, showed
fhat, in some cases, a correlation could be found between certain spec-
tral and coda characteristics and m, residuals. In particular, enhanced
high-frequency energy appears to be associated with positive my residuals
and relatively large complexity values appear to be associated with nega-
tive My, residuals, Furthermore, in some cases an association can be
found between delayed arrival times and positive my residuals. While
these waveform analysis results are preliminary, they do suggest that
the same near source phenomena responsible for the large variations ob-
served in my, residual behavior may also be influencing other measurable
waveform parameters.
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4.2

CONCLUSIONS

The analyses summarized above support the following principal

conclusions regarding the nature of P wave propagation varfation out of
the Shagan River test site.

(1)

Teleseismic my data provide strong evidence of systematic
geophysical variations within the Shagan River testing
area. In particular, there are large (0.5 My units)
variations in the station-corrected my residuals with
azimuth between explosions in close proximity in the
northeast and central portions of the test site.

The observed azimuthal variability in the my station cor-
rections with source location indicates that the network-
averaged my values for explosions ét Shagan Rivgr will be
dependent on the specific azimuthal distribution of the
stations used to compute the averages. This dependence
can be minimized by accounting for station-station corre-
lations in the network averaging procedure.

Variations in my residuals for stations in a given azimuth
and distance range which have positive station-station
correlation are systematic enough that they can be con-
toured as a function of source location. The resulting

_contours reveal that the largest my variations take place

along propagation paths from the Shagan area to seismic
stations in France, with lesser variations occurring along
paths to other European stations and to North American
stations.

When the teleseismic my residuals from seismic stations' in

continental Europe are projected back into the correspond-
ing P wave initiation areas near the source they reveal

62



=E

LA

3

W -

e

33

N

Y

,.-__ the existence of an anomalous volume of material located
i northwest of the test site at a depth of about 100 km.

9 This anomalous volume apparently defocuses energy out of

::::_: certain ray paths and redirects the energy into other

3’ ray paths. Presumably this anomalous volume corresponds

\ to some sharp lateral variation in physical properties,

\:; in particular P wave velocity, at this depth. Available

:x_j: geologic maps indicate no surface expression of this

": anomaly.,

“j (5) Teleseismic my data from WWSSN stations to the south and

:j-f: southeast of the test site reveal that propagation anoma-

L; lies also occur along these azimuths. However, the dis-
: tribution of observing stations in these azimuths is not

'f.: dense enough to permit the corresponding structural anoma-

E\ lies to be isolated using the kinds of detailed analysis

el A, A

N procedures which were applied to the European data.
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(6) In some cases, the observed patterns of my residual varia-

RN

tions can be correlated with similar patterns of variation

in either spectral composition, coda complexity or arrival
times of the P wave signals. The sense of these variations
is such that enhanced high frequency energy, decreased coda

1
« x>

% U S ."_.

P

compiexity and delayed arrival times are all associated

O
n":' st
LA W A

with a positive shift in the my residuals, Unfortunately,

L
o these correlations are generally not very well defined and
[
;:}j waveform data are not currently available from the French
ﬁ::j stations showing the most pronounced my variability.
n Analyses of such data could provide much insight into the
...; relationship between my and waveform variability.
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